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Available online 10 December XXXX . A . . . .
investigation was conducted to comprehend the electrochemical behaviour in various
Keywords: aqueous electrolytes for instance sulfuric acid (H2504), potassium sulfate (K,504), and

potassium hydroxide (KOH). Various methods were employed to evaluate the
electrochemical performing of the S-rGO electrode, for example cyclic voltammetry

Graphene; Heteroatoms; Energy Storage ~ (CV), galvanostatic charge-discharge (GCD), and electrical impedance spectroscopy
(EIS). S-rGO electrode in 1 M H,S04 exhibit the superior specific capacitance (Csp) up
to 352 Fglat 0.5 Agl.

1. Introduction

Aside from the limiting environmental resources derived from fossil fuel energy and ecological-
climate challenges. The use of energy from renewable sources is now recognized as one of the most
proposed worldwide approaches to growing electric power and energy demand. Supercapacitors
(SCs), a form of device that stores electricity between secondary batteries and typical capacitors,
have generated a lot of interest owing to their enormous high-power capability and extended cycle
stability when compared to batteries [1]. The advantages of SCs are large power density, an
elevated charging rate, efficient charging and discharging speeds, excellent charging and
discharging rates, and greater cycle durability [2,3].

In general, supercapacitors are often classified into two kinds such as pseudocapacitors (PCs)
and electrochemical double-layer capacitors (EDLCs). PCs store charge by a fast faradic redox
process composed of metal sulfides, metal oxides, and polymers that have an excellent specific
capacitance (Csp) but low cycle stability. But materials for EDLC, like graphene, carbon nanotubes
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(CNT), and activated carbon (AC) which store energy by separating charge at electrode/electrode
contacts offer great cycling stability but weak Csp [4]. Industrial supercapacitors are presently driven
by EDLCs made of carbon-based substances because of their enormous surface area, simplicity of
modification, and higher mobility. As a result, significant efforts have been put towards overcoming
prior challenges by developing SCs using both EDLC and PCs materials. The integration of EDLC with
PCs may not only increase the Csp but also boost the long-cycle stability [5]. The use of heteroatoms
for instance boron (B), phosphorus (P), nitrogen (N), and sulfur (S) with carbon materials is a major
method for increasing energy density [6,7]. Incorporating heteroatoms into carbon materials could
be a successful method to improve the capacity of carbon materials via pseudocapacitive impact
resulting through faradic behaviours associated with the presence of heteroatom species, along
with boosting the wetting ability for carbon substances in an aqueous electrolyte [8,9]. Graphene
represents a viable contender for enhanced electrode materials because of its large specific area of
surface, rapid intrinsic transport flexibility, as well as outstanding physical characteristics [10].

Electrolytes have a stronger influence on defining the efficiency of supercapacitors and play a
key part in the efficiency of the device [11]. EDLCs employ two types of electrolytes: aqueous and
organic electrolytes; aqueous electrolytes are more suited than organic electrolytes because of
their cost-effectiveness, favourable conductance, minimum resistance inside, and non-flammability
[12]. This is due to an immediate connection between the SC's energy density and its voltage of
operation [13]. Typically, types of electrolytes that are been used, such as sulfuric acid (H250a4),
sodium sulfate (Na2504), potassium sulfate (K2SOa), potassium hydroxide (KOH), and sodium
hydroxide (NaOH) [14-16]. They have different hydrated radius (H* = 2.80 A, K* =3.31 A) and molar
ionic conductivity (H* = 35 mSm2mol1, K* = 7.35 mSm2mol-1) of each ion in the electrolytes [17].

To our knowledge, there has been no research available on the study comparison of impacts of
electrochemical efficiency of sulfur-doped reduced graphene oxide (S-rGO) electrode for different
aqueous electrolytes (acid, alkaline, and neutral). This research examines three different aqueous
electrolytes for SCs application using the method of cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) evaluation, and electrical impedance spectroscopy (EIS).

2. Methodology
2.1 Materials

Potassium permanganate (KMnOa, >99%), sulfuric acid (H2SOs, 95-97%), and hydrogen
peroxide (H202, 30%) purchased from Merck Millipore. Phosphoric acid (H3POs, 85%) and
hydrochloric acid (HCI, 37%) from R&M Chemicals. Sodium sulfide hydrate (Na.S, 260%),
poly(vinylidene fluoride) (PVdF, Mw ~534,000), graphite flakes (+100 mesh, 275% min), and
potassium hydroxide (KOH, >85) from Sigma Aldrich. Carbon cloth from Ce-tech Co., Ltd. 1-methyl-
2-pyrrolidinone (NMP, >99%) from Alfa Aesar. All chemicals were utilised as supplied, with no
additional purification.

2.2 Sample Preparation

Graphene oxide (GO) was produced using a modified Hummer's technique [18], the specifics of
GO production discussed in [19]. 5 ml of GO (0.1 wt%) and 5 ml of Na»S with a concentration of 0.25
M will be moved into a vial and then undergo microwave-assisted production at 100 °C used for 5
minutes by microwave reactor (Monowave 300, Anton Paar). Following microwave-assisted
production, the products were centrifuged at 12,000 rpm over 15 minutes. The collected substance
was taken out and freeze-dried over one day. This method will produce sulfur-doped reduced
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graphene oxide (S-rGO). The samples of electrode were evaluated using different aqueous
electrolytes acid (H2S04), alkaline (KOH), and neutral (K2S04) were respectively denoted as S-rGO
(H2S04), S-rGO (KOH), and S-rGO (K25S04).

2.3 Electrochemical Analysis

The electrical behaviour S-rGO electrodes were evaluated through a three-electrode setup with
1 M H2S04, 1 M KOH and 1 M K2S04 serving as electrolytes. Electrochemical performance of S-rGO
electrodes were investigated via CV, GCD, and EIS and conducted by Reference 600, Gamry
potentiostat. Platinum wire for the counter electrode, Ag/AgCl electrode point as reference
electrode will be used. Working electrode, S-rGO samples were pasted on the carbon cloth. The Csp
for the electrodes was calculated by Eq. (1) presented below [20].

I xt
— 1
o mxAV (1)

where | = charging current, t = discharge time, m = mass loading, and AV = discharging potential
window, respectively. EIS was used to analyse the samples' fundamental behaviour.

3. Results
3.1 Cyclic Voltammetry Analysis

CVsare used to assess the electrochemical characteristics of supercapacitors in various electrolytes.
Figure 1 (a) shows the CV of S-rGO electrodes with different electrolytes (1 M H25S04, 1 M KOH, and
1 M K2S04) with a scan rate of 50 mVs™. The CV curves observed for S-rGO electrodes displayed
quasi-rectangular cycles owing to the dominance of EDLC features, demonstrating outstanding
electrical double-layer capacitance behaviour [21]. The potential range of CV curves for S-rGO
(H2504), S-rGO (KOH), and S-rGO (K2S04) electrodes was between 0 - 0.8V, -0.8 -0V, and -0.8 - 0.8
V, respectively. These differences in potential ranges depend on the characteristics of electrolytes
[11]. From Figure 1, S-rGO (K2S04) electrodes have a larger curve compared to the other electrodes.
This is owing to the nature of the K2SOa4 electrolyte, which is neutral [17], Because of a shortage of
H* ions, the overpotential for H2 creation is considerable, which might have moved the hydrogen
evolution reaction (HER) to a more lower negative potential [22]. Also, S-rGO (K25S0a4) electrode has
the highest current response at 0.8 V. The discrepancies found within the current sensitivity and CV
behaviours of S-rGO electrodes in different electrolytes are due to the physical features possessed
by the ions present in electrolytes. These features comprise ionic radius, ionic hydration radius,
molar electrical conductivity, and ion mobility [13]. Meanwhile, S-rGO (H250a4) electrode has a
relatively high concentration of H* ions. While S-rGO (KOH) electrode displays the smallest curve
compared to the other electrodes due to the presence (OH") in the basic medium which induced the
oxygen evolution reaction (OER) [22]. Fig. 1 (b) — (d) reveals CV performance of various electrolytes
by the scan rate of 10 — 200 mV s. When the scan rate rises, the results resemble quasi-
rectangular curves.

3.2 Galvanostatic Charge-Discharge

GCD testing was achieved to assess S-rGO electrodes materials rate performance. Figure 2 (a) and
(b) shows GCD curves at 0.5 Fg! for H,S04, KOH, and K504 electrolytes, respectively. GCD curves
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offer the key properties of supercapacitor behaviour, including specific capacitance. The S-rGO
curves for three electrodes in different electrolytes show a near to triangular shape, demonstrating
an optimal capacitive performance and a balance charge across electrodes, suggesting EDLC
behaviour is caused by irreversible interactions between electrodes along with electrolytes [23,24].
It has been observed when the potential decline was found at the beginning of discharge, it could
be attributable towards the internal resistance within the material of the electrode. This could be
related to its characteristics such as electrode-electrolyte resistance during contact, electrolyte
solution resistance, as well as charge transfer barrier. As current density increases, so does the
electrode material's internal resistance [25]. Figure 2 (c) points out the correlation involving
discharge time with current density, which decreases when current density increases. These
demonstrate the influence of a potential shift upon electrochemical motion because charges
become slow in getting deeper through the surface of an electrode [26]. S-rGO (H2S04) electrode
revealed the highest Csp 352 Fg! by scan rate 0.5 Ag™, compared to Csp of S-rGO (KOH) and S-rGO
(K2S04) that display 99 and 119 Fg. Clearly, from Figure 3, the Csp dropped with increased density
of current, because the ions had insufficient time for diffusion through each pore at a rapid pace
[27]. The variation Csp is due to the ionic radius of hydrated, ionic movements, as well as molar ionic
conductivity, while H2S04 has a smaller cationic radius, greater ionic movements, and greater molar

conductivity [28].
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Fig. 1 (a) CV curves at scan rates of 50 mVs™, CV curves for different scan rates in (b) H,SO, electrolyte, (c)
KOH electrolyte, and (d) K,SO, electrolyte.
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Fig. 2 GCD graphs of (a) S-rGO electrodes in H,SO,4 and K,SO, electrolytes and (b) S-rGO electrode in KOH
electrolyte. (c) Specific capacitance versus current density of S-rGO electrode in different electrolytes.

3.3 Electrochemical Impedance Spectroscopy

EIS was tested for S-rGO electrodes in different electrolytes to investigate the restrictions of ions of
electrode substances. Figure 4 shows a Nyquist plot of S-rGO electrodes. For high-frequency
regions, the point of intersection created along the horizontal line of a Nyquist plot shows the
internal resistance (Rs). One depressed semicircle was seen in the high-to-medium frequency area,
which is connected to the outermost feature on the electrodes, correlating to the resistance to
charge transfer (Rct) across the interface of the electrode with electrolyte. Whereas, a spike existed
discovered in the low-frequency band, suggesting a good edge nature involving electrolyte with
electrode [29]. As a result of Figure 3, the Rs values for different electrolytes are about 0.1, 1.6, and
3.3 Qfor supercapacitors in H2SO4, KOH, and K»S0a, respectively. S-rGO (H2S0a4) electrode obtained
the smallest value because of the tiny transfer path of ions [30]. Meanwhile, Rct1 values obtained
for S-rGO (H2SO4), S-rGO (KOH), and S-rGO (K2SOa) electrodes were 2.56, 144.8, and 28.2 Q,
whereas Rct2 were 1.8, 30.3, and 2.6 Q. Higher values observed for S-rGO (KOH) electrode are
ascribed to the poor conductivity of the material. S-rGO (H2S04) electrode had the lowest R¢t value
of any of the tested electrodes, suggesting that it has the quickest transfer of charge and diffusion
of ions on the surface of the electrode contact; this is due to its greater Csp. Low Rct values
contribute to the performance of the supercapacitor by allowing it to store and distribute energy
efficiently.
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Fig. 3 GCD graphs of S-rGO electrodes at different current densities in (a) H,SO, electrolyte, (b) KOH
electrolyte, and (c) K,SO, electrolyte.
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4. Conclusions

To summarise, by evaluating the electrochemical capabilities of S-rGO electrodes utilising CV, GCD,
and EIS with various electrolytes such as 1 M H2S04, 1 M KOH, and 1 M K2SO04. S-rGO in H2S04
displays the highest Csp up to 352 Fg! compared to S-rGO in KOH (99 Fg!) and K2SO4 (119 Fgl),
respectively. The smallest Rs and Rct are obtained by S-rGO electrode in H2SOa4. This is due to the
properties of electrolytes for example ionic radius, ionic hydration radius, molar electrical
conductivity, and ion mobility. This study introduces a new approach to producing S-rGO electrode

and their efficient use in energy storage.
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